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F-Spondin, Expressed in Somite Regions Avoided
by Neural Crest Cells, Mediates Inhibition of
Distinct Somite Domains to Neural Crest Migration
channeled between positive (at least permissive; see
Perris, 1997 and references therein) and negative sub-
strates. The latter are represented by the dermomyoto-
mal epithelium and the paranotochordal sclerotome,
which are not invaded by the migrating progenitors
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(Newgreen et al., 1986; Pettway et al., 1990; TosneyJerusalem 91120
and Oakley, 1990). Moreover, NC cells transiently avoidIsrael
entering between ectoderm and dermomyotome and
advance in a nonsegmented manner through the subec-
todermal path only after formation of the dermis (Erick-Summary
son et al., 1992).
These results suggest that regional differences withinNeural crest (NC) cells migrate exclusively into the
the RS halves and between RS and CS domains controlrostral half of each sclerotome, where they avoid the
the migration of NC cells (see Tannahill et al., 1997).dermomyotome and the paranotochordal sclerotome.
Consistent with this notion, experimental approachesF-spondin is expressed in these inhibitory regions and
revealed that NC cells elude the region that surroundsthroughout the caudal halves. In vitro bioassays of NC
an ectopic notochord both in vivo and in culture (New-spreading on substrates of rostral or caudal epithelial±
green et al., 1986; Pettway et al., 1990) and that theyhalf somites (RS or CS, respectively) revealed that NC
migrate precociously into the subectodermal pathwaycells adopt on RS a fibroblastic morphology, whereas
upon dermomyotome ablation (Erickson et al., 1992;on CS they fail to flatten. F-spondin inhibited flattening
Oakley et al., 1994). Moreover, NC cells enter in a contin-of NC cells on RS. Conversely, F-spondin antibodies
uous and unsegmented fashion into a mesoderm com-prevented rounding up of NC cells on CS. Addition of
posed of multiple RS halves, while they avoid a meso-F-spondin to trunk explants inhibited NC migration
derm composed of multiple CS properties (Kalcheiminto the sclerotome, and treatment of embryos with
and Teillet, 1989; Goldstein and Kalcheim, 1991).anti-F-spondin antibodies yielded migration into oth-
Thus, migration of NC cells in the trunk appears toerwise inhibitory sites. Thus, somite-derived F-spon-
be largely patterned by inhibitory signals. A number ofdin is an inhibitory signal involved in patterning the
molecules are expresed in somitic regions that aresegmental migration of NC cells and their topographi-
avoided by NC cells. Experimental data reveal that somecal segregation within the RS.
of them are implicated in mediating this inhibition. Po-
tentially relevant signals include extracellular matrix
Introduction (ECM) molecules, such as chondroitin sulfate proteogly-
cans bearing chondroitin-6-sulfate chains, versican, and
The segmental body plan of vertebrates is expressed collagen IX (Newgreen et al., 1986; Oakley and Tosney,
in the trunk by the repeating pattern of vertebrae, periph- 1991; Perris et al., 1991; Landolt et al., 1995; Pettway
eral ganglia, and nerves. This metameric organization et al., 1996; Ring et al., 1996; Henderson and Copp, 1997;
arises during embryonic development as a result of dif- Kerr and Newgreen, 1997). In addition, as yet undefined
ferential interactions between migrating neural crest peanut agglutinin±binding glycoproteins were also pro-
(NC) progenitors, growing motor axons, and the somites posed to play a repulsive role (Davies et al., 1990; Oakley
(reviewed by Tannahill et al., 1997). The NC thus provides and Tosney, 1991; Krull et al., 1995).
an excellent experimental system to investigate the Other proteins may act via cell contact±mediated re-
mechanisms that regulate patterned cell migrations in pulsion. These include T-cadherin, which is expressed
the embryo. In spite of being produced in a continuous in CS, but its activity on NC migration, if any, remains
fashion along the dorsal aspect of the neural tube, NC to be clarified (Ranscht and Bronner-Fraser, 1991). In
cells enter exclusively into the rostral but not caudal half addition, the mouse Dll1 gene, a homolog of the Dro-
of each dissociating somite (Keynes and Stern, 1984; sophila Delta gene that was implicated in specifying
Rickmann et al., 1985; Bronner-Fraser, 1986; Loring and rostrocaudal identity of the somites, is expressed in the
Erickson, 1987; Lallier and Bronner-Fraser, 1988; Kal- CS, and in null mutations, the CS sclerotomes fail to
cheim and Teillet, 1989). This process is patterned with condense, and the segmentation of ganglia and nerves
precision, as NC cells originating opposite the caudal is perturbed (Hrabe de Angelis et al., 1997). More re-
somitic (CS) halves remigrate into rostral domains so cently, the expression of specific ephrins was found to
that each dorsal root ganglion (DRG) is formed by cells be restricted to the CS domains in several species.
that arise opposite the corresponding rostral somitic These ephrins were shown to play a repulsive function
(RS) half and the two adjacent CS halves. A similar pro- toward NC cells and/or growing neurites as disruption
of the ligand±receptor interactions, in some instances,cess underlies the extension of motor axons (Teillet et
resulted in crest cells being present in both somiteal., 1987).
halves. Ephrins are likely to mediate an early event ofMigration of NC cells within the RS domain is also
cell sorting between homologous as well as heterolo-
gous cell types and act as guidance molecules when* To whom correspondence should be addressed (e-mail: kalcheim@
yam-suff.cc.huji.ac.il). presented in a gradient or in stepwise discontinuous
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Figure 1. Expression of F-Spondin mRNA
during Somitogenesis in the Avian Embryo
Whole-mount in situ hybridization with an
F-spondin probe of chick (A and C) and quail
(B and D±G) embryos revealed similar pat-
terns of expression throughout development.
(A) Stage 7HH, showing the first two somite
pairs expressing F-spondin signal (arrow-
heads).
(B) An embryo containing 13 somite pairs
shows homogeneous distribution along the
the rostral 11 somites but differential expres-
sion to the CS domains in the last two formed
segments (arrowheads).
(C) Thirty somite stage, showing stronger ex-
pression in the CS region of each somite as
well as strong signal along the notochord in
caudal regions of the axis.
(D and E) Twenty-eight somite embryo. Sec-
tions through the RS (D) and CS (E) halves of
epithelial somites. Note that F-spondin signal
is present throughout the epithelium, stronger
in CS than RS and particularly high in the
ventral portion. The notochord displays high
levels of mRNA at this stage.
(F and G) The same embryo at somitic level
18 displaying an increasing gradient of F-spon-
din signal toward the paranotochordal sclero-
tome (Scl), and the onset of F-spondin signal
over the floor plate. Hybridization signal is
much stronger throughout the CS (G) than
the RS (F). The dermomyotome (DM) is also
positive, again stronger in CS than RS. Note
in (F) and (G) a much weaker expression in the
notochord (No) when compared with more
caudal regions along the axis (D and E), re-
flecting a decreasing gradient of expression
in the caudorostral extent of the notochord
at these stages.
Abbreviations: R, rostral half of the somite;
and C, caudal half. Scale bar, 35 mm (D and
E); 50 mm (F); and 30 mm (G).
concentration (Nakamoto et al., 1996; Krull et al., 1997; in differentiated embryonic Schwann cells and becomes
reexpressed in the distal portion of adult peripheralSmith et al., 1997; Wang and Anderson, 1997). Neverthe-
less, CS-derived ephrins may not account alone for the nerve following nerve injury, thus suggesting its possible
involvement in axonal growth and regeneration (Klar et al.,inhibitory properties exhibited by this domain, because
sequestration of endogenous ligand by addition of exog- 1992; Burstyn-Cohen et al., 1998 and references therein).
In the present study, we report that in the avian em-enous ephrin receptors (Krull et al., 1997) had no effect
on segmental NC migration. Along this line, deletion of bryo, F-spondin mRNA and protein are expressed in
somite regions avoided by migrating NC cells. Consis-the ephrin-B2 gene might show no apparent defects of
segmentation of neural crest cells (Wang et al., 1998). tent with these patterns, overexpression of the molecule
inhibits NC migration into the somite. Furthermore, spe-Altogether, available evidence suggests that spatial pat-
terning of NC cell migration is extremely complex and cific neutralization of endogenous F-spondin allows the
cells to migrate into otherwise inhibitory domains. Takenis therefore likely to involve a number of interacting
molecules of different classes. together, we suggest that F-spondin is an important
component of the molecular complex regulating bothThe F-spondin gene, an early floor plate molecule,
encodes an ECM protein composed of three domains: the segmental migration of NC cells and their topograph-
ical segregation within the RS domain.a thrombospondin region with six thrombospondin type
1 repeats (TSRs) (Lawler and Hynes, 1986; Bornstein et
al., 1991), a region with homology to the amino-terminal Results
portion of Reelin (D'Arcangelo et al., 1995), and a spon-
din domain homologous to the newly described Mindin Expression of F-Spondin mRNA and Protein
with Somite Developmentprotein family (Higashijima et al., 1997; Umemiya et al.,
1997). F-spondin was found to promote in vitro the adhe- Initial expression of F-spondin transcripts was detected
in both quail and chick embryos in correlation with thesion of spinal cord and DRG neurons and the outgrowth
of neurites. Consistently, F-spondin mRNA is expressed onset of somite formation around stage 7 (Hamburger
F-Spondin and Neural Crest Migration
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Figure 2. Expression of F-Spondin Immuno-
reactive Protein during Somitogenesis in the
Avian Embryo
Transverse sections through a 28-somite-
stage chick embryo.
(A) Caudal portion of epithelial somite 26,
showing F-spondin protein around the epi-
thelium and in the luminal surface.
(B) Caudal portion at the intermediate stage
of somite dissociation, somitic level 22,
showing dissociation at the ventrolateral
edge. Mesenchymal cells of the sclerotome
become surrounded by F-spondin-positive
product. F-spondin immunoreactivity is also
present dorsal to the prospective dermomyo-
tomal epithelium.
(C) Rostral domain (RS) of a fully dissociated
somite (somite level 13), showing strong im-
munoreactivity in the paranotochordal sclero-
tome (arrowheads), around the neural tube,
in the dermomyotome, and in the subectoder-
mal ECM. Myotome and dorsolateral sclero-
tome are negative. Immunostaining around
the neural tube is absent in young dissociated
somites (see Figure 3A) and becomes evident
within the RS as a function of somite matu-
ration.
(D) Caudal domain (CS) of a fully dissociated
somite (somite level 14) displaying very strong immunoreactivity throughout the entire sclerotome (Scl) and dermomyotome (DM), whereas
the myotome (M), neural tube (NT), and notochord (No) are negative. Note that despite a strong mRNA signal over the notochord (Figure 1),
the protein is not deposited within this structure.
Scale bar, 35 mm (A and D) and 45 mm (B and C).
and Hamilton, 1951) (Figure 1A). As somitogenesis pro- age revealed rostrocaudal and dorsoventral variations
in F-spondin expression similar to those exhibited byceeded, F-spondin mRNA expression appeared homo-
geneously distributed throughout the extent of the ros- more caudal somites (data not shown and see Figure 4
for protein profile).tralmost 9±11 somite pairs and in the notochord (Figure
1B). From this stage onward, each somite pair that had Localization of F-spondin protein was performed by
immunocytochemistry with the R5 polyclonal antibodysegmented from the paraxial mesoderm clearly revealed
a more prominent F-spondin signal localized to its cau- directed against the spondin domain of the molecule
(amino acids 238±440). This antibody recognizes thedal part (Figures 1B and 1C).
Analysis of serially sectioned 26- to 28-somite-old recombinant and the endogenous F-spondin proteins
(Burstyn-Cohen et al., 1998) and was found suitable forembryos following whole-mount in situ hybridization fur-
ther revealed interesting patterns of F-spondin localiza- immunolocalization on chick but not quail tissues, where
a high level of nonspecific reactivity was observed. Un-tion in the dorsoventral extent of the somites. At the
epithelial stage, the signal was apparent throughout the like expression of mRNA, which was detected from early
somitogenesis, an initial signal with the F-spondin anti-somite, stronger in the CS when compared with the RS,
and already at this stage, it was somewhat enhanced body became visible in embryos (age 14 to 17 somite
pairs) in which the protein was restricted to the mesen-in the ventral part of the somite in both halves (Figures
1D and 1E). Upon dissociation into sclerotome and der- chyme of the head region (data not shown). From 18
somite pairs onward, immunostaining became apparentmomyotome, significant differences both in pattern and
intensity became evident. In both somitic domains, in the somitic mesoderm along the entire axis. Figure 2
summarizes the main patterns of expression of F-spon-F-spondin mRNA was expressed in the sclerotome and
dermomyotome (Figures 1F and 1G). Sclerotomal ex- din protein as a function of somite development. At
the epithelial stage, expression was associated with thepression was very intense in the paranotochordal mes-
enchyme and decreased in strength toward dorsolateral ECM surrounding the somites as well as in the central
lumen. Weaker staining delineating the surface of indi-portions of the sclerotome. Whereas the overall gradi-
ent-like pattern was maintained in both RS and CS moie- vidual cells in the epithelium was also apparent (Figure
2A). This result suggests that most of the F-spondinties, the intensity of the message was very high in the
CS domains when compared with the RS. In the latter, synthesized in the somitic epithelium (Figure 1) has been
secreted from the cells and has been incorporated intothe major mRNA signal concentrated in a ventromedial
position on both sides of the notochord. Dermomyoto- the ECM. At the intermediate stage of somite dissocia-
tion, the mesenchymal cells of the nascent sclerotomemal expression was confined to the basal part of the
epithelium and was slightly more intense in the CS than became surrounded by F-spondin immunopositive prod-
uct (Figure 2B). Upon full dissociation, striking differ-in RS (Figures 1F and 1G). The cervical level somites,
which until the tenth somite stage showed a homoge- ences were apparent both in the rostrocaudal and the
dorsoventral domains of each somite that were fullyneous rostrocaudal pattern of F-spondin signal (see Fig-
ure 1B), were fully dissociated by 28 somites and at this consistent with the patterns of mRNA expression. Within
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Figure 3. Reciprocal Expression Patterns of F-Spondin and HNK-1 Immunoreactivities during Early Migration of NC Cells
(A±C) Rostral half of somite 24 of a 30-somite-stage embryo. In (A), note the expression of F-spondin in the sclerotome (Scl), adjacent to the
notochord (No), and along the dermomyotome (DM). In (B), an early stage of NC migration is presented, in which HNK-1-positive NC cells
migrate underneath the dermomyotome through an F-spondin-free area. (C) is a composite image of (A) and (B).
(D±F) Caudal half of somite 22 of a 30-somite-stage embryo showing widespread immunoreactive F-spondin throughout the dermomyotome
and sclerotome but not in the myotome, as well as in the ECM apposed to the neural tube (D and F). No NC cells migrate into this domain
(E and F).
(F) is a composite image of (D) and (E).
Scale bar, 55 mm.
the RS domain, F-spondin protein was mainly concen- aspect of the neural tube underneath the dermomyo-
tome epithelium (Figure 3B). Migration occurred throughtrated in the ECM at the ventromedial portion of the
sclerotome, next to the notochord, and faded away com- a region devoid of significant F-spondin signal (Figures
3A and 3C). As described above, in the rostral domains,pletely toward dorsolateral regions (Figures 2C and 3A),
whereas in the CS halves, the entire sclerotome was the protein was found to concentrate in the paranoto-
chordal mesenchyme and dermomyotome (Figures 3Astrongly immunopositive (Figure 2D). In both domains,
the dermomyotomal epithelium and the subectodermal and 3C). As expected, no HNK-1-positive cells could
be detected within the CS domain (Figure 3E), whichECM expressed the protein, with higher intensity in the
CS. Interestingly, the myotomes were always negative exhibited widespread F-spondin immunoreactivity (Fig-
ures 3D±3F and see also Figure 2D).as well as the notochord itself and the neural tube epi-
thelium (Figures 2C and 2D). A similar exclusive pattern of F-spondin and HNK-1
immunoreactivities was observed along the axis com-
prising more advanced stages of NC cell migration and
organogenesis. At the vagal level, NC cells had migratedNeural Crest Cells Migrate through
F-Spondin-Free Regions into the prospective DRG and sympathetic ganglion an-
lage, which are devoid of F-spondin (Figures 4A±4C).The striking differences detected in the expression pat-
terns and intensity at both mRNA and protein levels Interestingly, prospective Schwann cell precursors that
localized close to the lateroventral portion of the neuralbetween the RS and CS suggested that a reciprocal
pattern exists between the regions of F-spondin expres- tube, as well as some ventrally migrating cells presum-
ably on their way to the dorsal aorta, were observedsion and those invaded by migrating NC cells. This is
because NC cells avoid the CS domains, which express bordering the periphery of the main F-spondin-positive
region, the paranotochordal sclerotome (Figures 4A±F-spondin over the whole sclerotome and dermomyo-
tome, and because in the RS, NC cells migrate through 4C). In this borderline sclerotomal area, F-spondin signal
was weak compared with more ventromedial areas, duea pathway delimited on one side by the paranotochordal
sclerotome and on the other by the dermomyotome, to either a lower signal expressed around each mesen-
chymal cell (owing to a ventrodorsal gradient of inten-two regions that are also F-spondin-positive. To directly
test this possibility, serially sectioned embryos (age 25 sity) or alternatively, a lower density of sclerotomal cells
expressing the protein in their surrounding ECM. A simi-to 30 somite pairs) were double stained with F-spondin
antibodies and with the HNK-1 marker, which recog- lar behavior was observed for another subset of NC
cells that migrated to the primitive gut wall, where theynizes migrating NC cells and most of their derivatives.
The first NC cells to enter the RS domain of the re- associated with the splanchnopleural mesenchyme. In
this region, the NC cells were also noticed along thecently dissociated somite had migrated from the dorsal
F-Spondin and Neural Crest Migration
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Figure 4. Reciprocal Expression Patterns of
F-Spondin and HNK-1 Immunoreactivities
during Advanced Migration of NC Cells and
Gangliogenesis
(A±C) Vagal level of the axis of a 28-somite-
stage chick embryo. In (A), RS domain show-
ing the expression of F-spondin around the
neural tube (NT), in the paranotochordal
sclerotome (Scl), and in the dermomyotome.
Further ventrad, the gut (G) epithelium and
mesenchyme are positive. In (B), NC cells lo-
calize to the sympathetic ganglion adjacent
to the dorsal aorta (DA). Dorsoventral migra-
tion of NC cells occurs through the F-spon-
din-free sclerotome. NC cells migrating ven-
trally at the level of the ventral neural tube
and the notochord and along the primitive gut
move along areas of relatively weak F-spon-
din expression, at the borderline between the
F-spondin-positive and negative areas.
(D±F) Transverse section through the postotic
level of the axis revealing in (E), HNK-1-posi-
tive NC cells organizing into the petrosal gan-
glion (G), surrounded by an F-spondin-posi-
tive mesoderm (D and F). (C) and (F) represent
an overlap of (A) and (B) and of (D) and (E),
respectively, to better appreciate the correla-
tion between both types of immunostaining.
Abbreviation: E, ectoderm. Scale bar, 100 mm
(A±C); and 40 mm (D±F).
outer border of the F-spondin-positive mesenchyme or neutralization on the migratory behavior of NC pro-
genitors using three independent bioassays: whole-(Figures 4A±4C). It is worth mentioning that during all
stages of migration (Figures 3 and 4A±4C) and organo- trunk explants and cultures of NC cells on RS or CS cell
monolayers and in ovo microinjection.genesis (Figures 4D±4F), NC cells were F-spondin-nega-
tive. It is only following differentiation of NC-derived cell
types that ganglionic satellite cells and Schwann cells
Treatment of Trunk Explants with F-Spondin Inhibitsbegin transcribing the F-spondin gene (Klar et al., 1992;
Migration of NC Cells into the SomiteGuillemot et al., 1993; Burstyn-Cohen et al., 1998).
Whole-trunk explants derived from regions of the neur-
axis containing epithelial somites were excised and
grown on Millicell membranes in the presence ofFunctional Assays Show an Inhibitory Role
for F-Spondin in the Migration of NC Cells F-spondin-containing conditioned medium or control
medium of mock-transfected cells. Under control condi-The above studies have shown that the localization of
migrating NC cells in the somite is reciprocal to that of tions, epithelial somites had fully dissociated within a
day, and in most cases (94%, n 5 17), NC cells migratedF-spondin, suggesting that F-spondin might inhibit the
migration of NC cells. To test this hypothesis, we have into the somite through known pathways, i.e., under
the dermomyotome, through the sclerotome, betweenexamined the effects of F-spondin overexpression and/
Table 1. Impaired Migration of Neural Crest Cells in Trunk Explants Treated with F-Spondin
Cell Accumulation
Dorsal to and/or in
Number of Migration into Rostral the Lumen of the
Treatment Explants Sclerotome (%) Neural Tube (%)
Control 17 94.0 6.0
F-Spondin 18 16.6 83.3
Fragments of embryos encompassing the last five epithelial somites of 25-somite-stage quail embryos were explanted onto Millipore membranes
as described in Experimental Procedures and incubated for 1 day in the presence of F-spondin-containing COS cell supernatant or supernatant
of mock-transfected cells (control).
Explants were then fixed, embedded in wax, serially sectioned, and stained with the HNK-1 monoclonal antibody followed by hematoxylin
counterstaining.
The data are presented as the percentage of explants displaying a given phenotype. When testing statistically the hypothesis that the proportion
of embryos showing migration of crest cells in explants treated with F-spondin is lower than that of control explants, the null hypothesis
(equal proportions) was rejected (p , 0.0001).
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Figure 5. Effect of Added F-Spondin on the Migration of NC Cells into the Somites in Whole-Trunk Preparations
(A±D) Confocal microscopy images scanned along the dorsalmost 30 mm of the neural tube (NT) of control (A and B) and F-spondin-treated
(C and D) trunk explants. (A) and (C) represent HNK-1 immunostaining only; in (B) and (D), the HNK-1 signal is overlayed onto phase contrast
images.
(E±H) Transverse sections through explants of control (E and F) or F-spondin-treated (G and H) fragments. Note in all controls the migration
of NC cells through the sclerotome (arrows in [E] and [F], and see also [A] and [B]) and between adjacent somites (A and B). In contrast,
treatment with F-spondin caused the accumulation of NC cells within the neural tube and dorsal to it (arrowheads and see [C] and [D]) and
the consequent lack of migrating cells in the mesoderm. The contours of the neural tubes in (E) through (H) were delineated with light stippling.
Abbreviations: DA, dorsal aorta; No, notochord. Scale bar, 50 mm (A±D); and 65 mm (E±H).
adjacent somites, and between the neural tube and so- association between NC cells and RS- or CS-half somite
mites (Figures 5A, 5B, 5E, and 5F and Table 1). Although cells. Half somites from the epithelial level of the axis
F-spondin-treated explants revealed a normal dissocia- were excised microsurgically, and like halves were sepa-
tion of the somites into dermomyotomal and sclerotomal rately pooled and plated after dissociation. Epithelial
domains, in striking contrast with control tissues, NC somites were chosen, because they are devoid of en-
cells failed to immigrate into the somite, and in 83% of dogenous NC cells. One day later, somitic cells had
the cases (n 5 18; Table 1), they accumulated instead completely dissociated and created a monolayer. NC
within the confines of the neural tube and/or dorsal to cells were then added to cultures containing either RS
this structure (Figures 5C, 5D, 5G, and 5H) as revealed or CS cells. After 75 min of coculture on RS substrates,
both by whole-mount confocal microscopy and serial most NC cells (80%) had adopted a multipolar, mesen-
transverse section analysis (Figure 5). Thus, F-spondin chymal morphology (Figure 6A), which characterizes mi-
overexpression significantly inhibits (p , 0.0001), in a gratory cells (see review by Duband et al., 1995 and
physiological context of whole embryonic fragments, references therein). In contrast, many NC cells that were
the migration of NC cells into somite regions otherwise seeded onto CS cells, with which they do not normally
invaded by these progenitors. interact in vivo, remained round (50%±60%; Figure 6B)
and did not acquire a fibroblastic morphology even if
grown for prolonged periods (data not shown). In spiteF-Spondin Mediates the Conversion between
of the observed morphological differences, the totalMesenchymal and Round Morphologies
number of cells that attached to either substrate at 75Differentially Adopted by NC Cells Cultured
min was similar (data not shown). Thus, in keeping re-on Rostral- Versus Caudal-Half Somite
semblance with the embryo, a lower but neverthelessSubstrates, Respectively
significant proportion of NC cells exhibited in vitro aTo further test the effects of added F-spondin on the
differential behavior on substrates derived from the twomorphology of NC cells that relate to the observed inhi-
somite halves. In spite of several reasons related tobition to migration, as well as to begin examining the
the experimental conditions that could have adverselypossible effectiveness of anti-F-spondin antibodies on
these cells, we have experimentally imposed an in vitro affected this distinctive response (see Discussion), the
F-Spondin and Neural Crest Migration
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Figure 6. Effect of Added F-Spondin and of
Neutralization of Endogenous F-Spondin on
NC Cell Morphology in NC-Half Somite Co-
cultures
(A) Coculture between NC cells and RS- or
CS-half cells. Note that on the RS substrate,
most HNK-1-positive NC cells have flattened
and exhibit a mesenchymal appearance char-
acteristic of migratory cells. In contrast, NC
cells on the CS remained round. Scale bar,
50 mm.
(B±D) Quantification of the percentage of NC
cells with mesenchymal morphology of the
total mesenchymal 1 round cells. Results
represent average 6 SD of triplicate cultures.
Significance of the results was tested using
one-way ANOVA followed by the modified Tu-
key method (a 5 0.05).
(B) Added F-spondin reduced this percent-
age significantly when compared with RS±NC
cocultures treated with medium of mock-
transfected COS cells (asterisk, p , 0.002 in
RS 1 F-spondin compared with RS), down to
values observed on the CS cells (asterisk, p ,
0.003 in CS compared with RS).
(C) The reduction in the percentage of mesen-
chymal cells upon F-spondin treatment (as-
terisk, p , 0.002 in RS 1 F-spondin compared
with RS) is prevented by preadsorption with
the R2 F-spondin antibody.
(D) The R2 antibody prevents the rounding
up of NC cells on CS substrates. The percent-
age of mesenchymal NC cells on CS was sig-
nificantly reduced compared with RS (aster-
isk, p , 0.003), and this value was reverted
by antibody neutralization (asterisk, p , 0.003
in CS 1 aF-spondin compared with CS).
measured differences (Figures 6B and 6D) were highly (Figure 6D). Taken together, the data suggest that
F-spondin is an endogenous factor present in the CSreproducible and statistically significant, thus enabling
us to subsequently test the effects of changing F-spon- that mediates an early differential behavior of NC cells
on substrates of half somite cells.din levels.
Addition of F-spondin to cultures of RS-half cells sig-
nificantly decreased the percentage of NC cells that In Ovo Neutralization of Endogenous F-Spondin
adopted a mesenchymal phenotype when compared Results in NC Cells Migrating into Otherwise
with controls, down completely to levels measured for Avoided Somitic Regions
NC cells that adhered to the CS substrates (Figures 6B The possible role of endogenous F-spondin on the mi-
and 6C). Interestingly, a short incubation of F-spondin gration of NC cells in vivo was examined by microinject-
with the somite cultures followed by thorough washing ing into chick embryos neutralizing antibodies prior to
of the cultures with control medium prior to seeding the the onset of NC migration. As described above (see
NC cells revealed that F-spondin activity was retained Figures 1±4), F-spondin is present in areas avoided by
(data not shown), suggesting that F-spondin acts as an NC cells. These include the dermomyotome along the
ECM-attached molecule (Klar et al., 1992). Moreover, entire somite and virtually the whole sclerotome in the
addition to the RS cultures of the protein preadsorbed CS domain but only the paranotochordal sclerotome
to the R2 antibody that recognizes the TSR domain of within the RS halves. Microinjection of control immuno-
F-spondin totally prevented rounding up of the NC cells globulins had no effect, with NC cells present in the
(Figure 6C). same pathways as in intact embryos (Figures 7A, 7D,
We next examined whether F-spondin produced in and 7G and Table 2; n 5 8 of 8 embryos, 100%). By
the CS is responsible for the high levels of round cells contrast, several abnormal phenotypes were detected
observed on the CS substrates. To this end, CS cultures in the RS domain of embryos treated either with the R2
were preincubated either with the R2 or the R5 antibod- (n 5 13 of 14 embryos, 93%) or the R5 (n 5 7 of 8
ies followed by addition of an NC cell suspension. While embryos, 87.5%) anti-F-spondin antibodies. These in-
F-spondin neutralization with either antibody totally re- cluded the presence of migrating NC cells in areas nor-
verted the proportion of mesenchymal cells to values mally avoided by these progenitors. At dorsal regions
obtained on permissive RS cultures (Figure 6D and data of the somites, NC cells were detected crossing the
dermomyotomal epithelium (arrowheads in Figures 7B,not shown), preimmune immunoglobulins had no effect
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Figure 7. Effect of Endogenous F-Spondin Neutralization In Ovo on the Migration of NC Cells
(A±I) Transverse sections through the RS of embryos microinjected as described in Experimental Procedures with control immunoglobulins
(A, D, and G) or anti-F-spondin antibodies (B, C, E, F, H, and I), sacrificed a day later and immunostained with the HNK-1 antibody.
(A and B) Somite level 30 of a 35-somite-stage embryo, representing an intermediate stage of somite dissociation (this region was still
unsegmented at the time of first injection). Note in both (A) and (B) the presence of HNK-1-positive NC cells migrating ventrally apposed to
the neural tube (NT). In addition, in (B), some neural crest cells abnormally cross the epithelium, still apposed to the axis, toward the
mesenchyme (arrowheads).
(C) The same embryo as in (B), sectioned at the level of somite 28, showing a somite undergoing full dissociation, with the medial epithelial
area bending underneath the dermomyotome (DM; see Kahane et al., 1998). Note the presence of cells crossing the DM (arrowheads) and
others migrating underneath the ectoderm (curved arrows) at this stage.
(D±F) Somite level 25 of 35-somite-stage embryos (fully dissociated somites), representing a stage of advanced NC cell migration.
(D) In control embryos, some NC cells migrate to the DRG anlage, others cross the sclerotome (Scl) at the level of the ventral neural tube,
and yet another subset migrates further ventrally through the sclerotome on its way to the dorsal aorta (DA). The paranotochordal area is free
of NC cells.
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Table 2. Altered Rostrocaudal Segmentation of NC Derivatives in Whole Embryos Microinjected with Anti-F-Spondin Antibodies
Sections with a Number of Somites
Treatment Embryo Sections with DRG (%) Ventral Root (%) Counted per Embryo
Control 5 60.5 6 5.3 60.2 6 8.2 9
Control 11 65.8 6 4.0 55.4 6 7.4 10
Control 12 59.4 6 6.9 53.4 6 3.8 9
Anti-F-Spondin 1 92.2 6 5.6 78.2 6 8.3 9
Anti-F-Spondin 3 92.7 6 4.1 72.3 6 8.0 10
Anti-F-Spondin 4 85.5 6 9.0 71.6 6 6.6 9
Anti-F-Spondin 7 96.1 6 2.9 75.5 6 6.5 10
Chick embryos were injected either with the R2 F-spondin antibody or with control immunoglobulins as described in Experimental Procedures.
A day later, embryos were fixed, embedded in wax, serially sectioned, and stained with the HNK-1 monoclonal antibody followed by Hematoxylin
counterstaining.
The presence of DRG and well developed ventral roots in the sclerotome was monitored in every somitic section (18±22 sections per somite).
For each embryo, a total of 9±10 consecutive somites was measured around the injected levels (usually somites 20±29). The percentage of
sections containing a DRG or a ventral root of the total sections per somite was calculated. Results represent the mean 6 SD of these
percentages calculated over the 9 or 10 somites under consideration in each embryo. An analysis of variance (ANOVA) was performed to
assess the difference between the control and treated groups. The difference between the two groups is significant (p , 0.0001) for both
DRG and ventral root levels.
7C, and 7F), trapped between dermomyotome and myo- resulted in abnormal segmentation of both DRG and
ventral roots (Figures 7J±7M). This effect was analyzedtome (open arrowhead in Figure 7E) and, in addition,
invading precociously the subectodermal space (curved in detail in several R2-injected embryos. To this end, we
monitored the number of individual sections per somitearrows in Figures 7C, 7E, and 7F). The latter path be-
comes normally permissive to migration of melanocyte that contained a DRG, over nine or ten consecutive
segments per embryo constituting the injected seg-precursors only 24±30 hr later following dissociation of
the dermomyotome into dermis (see Introduction). Fur- ments, and two additional somites located both rostrally
and caudally. The segmentation at the level of the DRGther ventrad within the rostral sclerotomal domain, the
area of distribution of the migrating NC cells appeared was partially distorted, as sensory ganglia were still de-
tected in the CS regions rather than being reduced tobroader and cell orientation was disorganized when
compared with the precisely patterned migration of the a simple root (Table 2 and Figures 7J±7M). Whereas the
average proportion of sections with a DRG in controlcells in control embryos (Figure 7, compare [D] with [E]
and [F] and [G] with [H] and [I] for advanced migratory embryos ranged between 60.5% and 65.8% of total sec-
tions per somite (n 5 3 embryos), the mean percentageand early organogenetic stages, respectively). More-
over, in contrast to the normal situation in which NC cells of sections with a noticeable ganglion in antibody-
treated embryos increased to 92.2% to 96.1% (n 5 4avoid the paranotochordal sclerotome by circumventing
the region (Figures 4C, 7D, and 7G), F-spondin neutral- embryos), a 50% average enlargement of RS properties
at the expense of the CS (Table 2; p , 0.0001).ization enabled invasion of this otherwise inhibitory mes-
enchyme by the migrating NC cells, which thus ap- Consistent with the partial loss of segmentation of
the DRG, the percentage of total sections per segmentproached the notochord (Figures 7E, 7F, 7H, and 7I). Of
note is that each embryo showed virtually all of the containing a well developed ventral root within the scle-
rotome (see Figure 7G) was increased from 53.4% toabove described phenotypes.
F-spondin neutralization also had noticeable effects 60.2% in controls (n 5 3 embryos) to 71.6 to 78.2%
in the antibody-treated cases (n 5 4), a 32% averageon the migration of NC cells into the CS domains, which
(E and F) The following abnormal phenotypes are apparent in embryos treated with F-spondin antibodies: entrapping of NC cells between
the dermomyotome and myotome (M) (open arrowhead in [E]), NC cells crossing the dermomyotome epithelium (arrowhead in [F] and see
also [C]), precocious presence of NC cells underneath the ectoderm (curved arrows in [E] and [F] and see also [C]), and a disoriented distribution
of NC cells within the sclerotome, including cells approaching the notochord (NO) (small arrows).
(G±I) An early postmigratory stage of NC cells.
(G) Somite level 23 of a 38-somite-stage control embryo showing a highly patterned distribution of NC cells through the RS, including cells
in the DRG anlage, the ventral root (VR), and sympathetic ganglion (SG). Note that the paranotochordal area is totally free of NC cells as well
as the dermomyotome and myotome and the subectodermal space.
(H) Somite level 25 of a 37-somite-stage antibody-injected embryo.
(I) Somite level 21 of a 37-somite-stage antibody-injected embryo. In both (H) and (I), NC cells are scattered throughout the entire sclerotome,
including the paranotochordal region (arrows), showing no spatial restriction to otherwise permissive sites (compare with [G]). Although
injections were made unilaterally, bilateral phenotypes were very often observed.
(J±M) Frontal sections through the trunk of 35-somite-stage control embryos (J and L) and antibody-treated embryos (K and M). (J) and (K)
illustrate a dorsal level corresponding to the presence of DRG, showing in (J), segmentally organized ganglia and in (K), the presence of
enlarged DRG extending to both somite halves (between arrows). (L) and (M) illustrate a ventral level, with NC cells adjacent to the notochord
(NO). Note in (L) the segmental restriction of NC cells to the RS (between open arrowheads). In contrast, in (M), NC cells are also observed
within the CS (black arrowheads). Compare as well the ordered arrangement of the cells in (L) with the disoriented disposition seen in (M) in
both somitic halves upon antibody treatment.
Scale bar, 50 mm (A±I); 70 mm (J and K); and 30 mm (L and M).
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enlargement of the ventral root into the CS territory (Ta- expression in the rostral domains of the above men-
tioned cranial somites is likely to be downregulated uponble 2; p , 0.0001). This effect was similar, yet less pro-
nounced than the loss of DRG segmentation. Thus, dissociation, as at later stages, similar differential pat-
terns are observed in the sclerotomes along the axis.F-spondin neutralization caused an enlargement of
properties that characterize the RS domain at the ex- Whether these initial axial-level differences are related
to intrinsic inequalities in the identity of cervical versuspense of CS properties. Taken together, the results of
in ovo neutralization of F-spondin suggest that this in- more caudal somites remains to be clarified.
Interesting as well are the observed differences be-hibitory protein is sufficient to channel the patterned
migration of NC cells through defined pathways in the tween the appearance of mRNA expression and protein
immunoreactivity. While the former coincides with theRS domain, whereas it also mediates, at least partly,
the inhibition exerted by the CS halves of the somites. beginning of somitogenesis, the latter becomes evident
in the head mesenchyme at the 14 somite stage and in
all somites by the 18 somite stage. The possibilities exist
that expression is below detection by immunocyto-Discussion
chemistry or alternatively, that positive immune localiza-
tion under the conditions employed depends on suitableIn the present study, we have analyzed the localization
of F-spondin to early avian embryos and its possible integration and/or stabilization of the protein to the ECM.
F-spondin, which exhibits among other expressioninvolvement in patterning the migration of NC cells. The
following evidence shows the existence of a functional patterns an alternating rostrocaudal distribution to the
bulk of the sclerotome, joins a growing list of moleculeslink between the two. First, following somite dissocia-
tion, F-spondin mRNA and protein are expressed in the differentially localized in the somite. In addition to regu-
lating the segmentation of neural progenitors, some ofavian somites in regions that are avoided by migrating
NC cells. These include most of the CS domain except these molecules might also participate in somite differ-
entiation processes that relate to segmental patterningfor the myotome, as well as the paranotochordal sclero-
tome and dermomyotome within the RS. Second, addi- of the vertebrae. In a previous study, we have shown
that the morphogenetic capabilities of each somitic halftion of F-spondin to whole-trunk explants inhibits migra-
tion of NC cells into the somites. Furthermore, treatment differ with respect to the formation of specific vertebral
components. Only the CS cells are specified to giveof cultures of RS cells with F-spondin inhibits mesenchy-
malization of added NC progenitors, a process other- rise to the vertebral pedicle, and only the RS cells are
specified to give rise to the intervertebral disk (Goldsteinwise occurring on these substrates within 1 hr following
establishment of the cocultures and that is a prerequisite and Kalcheim, 1992). In this context, specific ephrins
could, for instance, mediate the establishment of intra-for cells' becoming motile (see Newgreen and Mini-
chiello, 1995, 1996). Third, neutralization of F-spondin segmental boundaries in the early somite either by regu-
lating cell identity or by restricting cell intermingling, asusing specific antibodies enables the mesenchymaliza-
tion of NC cells that normally adopt a round morphology was suggested to occur in other developing systems
(Xu et al., 1995; Gale et al., 1996; Xu and Wilkinson,on cultured CS monolayers. In ovo, antibody microinjec-
tion enables the migration of NC cells into otherwise 1997). F-spondin could also take part in processes re-
lated either to differential rostrocaudal specificationinhibitory sites. The above results raise the important
question of whether somitic F-spondin acts directly on and/or to subsequent differentiation of RS versus CS
cells. This is because F-spondin shares homology withNC cells or alternatively, whether it stimulates mesoder-
mal cells to produce secondary factors that in turn affect thrombospondin-1, a factor present in skeletal tissues
and implicated in vertebral development (Tucker et al.,NC morphology and migration. In preliminary studies,
NC cells were seeded onto fibronectin substrates to 1997; Lawler et al., 1998) and because contrary to its
inhibitory effects on NC cells, F-spondin stimulates ad-which the cells attached in a few hours and adopted a
mesenchymal morphology. Treatment with F-spondin hesion of somite cells in culture (our unpublished data).
caused in a time-dependent manner the rounding up of
the otherwise fibroblastic-like cells, indicating that NC
Expression of F-Spondin in Somite Regionscells can directly respond to F-spondin signaling (our
Avoided by NC Cellsunpublished data). Altogether, these data suggest that
The differential rostrocaudal and ventrodorsal patternssomite-derived F-spondin is deposited into the ECM
of F-spondin expression observed in the sclerotome areand inhibits the migration of NC progenitors through the
mutually exclusive with respect to the migrating NC cellssomitic mesoderm of avian embryos.
and are, moreover, maintained during the duration of cell
migration. By contrast, other sites of protein distribution
reveal age-dependent changes that are, nevertheless,Expression of F-Spondin Related
to Somite Development also reciprocal to the transient passage of NC progeni-
tors. For example, when some early crest cells moveNotably, the expression of F-spondin in the somites
appears to be developmentally regulated in several re- ventrally in the RS half in apposition to the neural tube
(Teillet et al., 1987), F-spondin is absent from this path-spects. At the epithelial stage, the rostralmost 9±11 so-
mites exhibit a strong and even pattern of mRNA distri- way (see Figure 3A). Decoration of the ECM with
F-spondin between neural tube and mesoderm in thebution, whereas somites that segment subsequently
along the axis reveal a higher intensity of expression RS halves only begins at a later stage, when no NC cells
migrate there any longer (see Figures 2C and 4A). Bytoward their CS domains. The high level of transcript
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contrast, within the inhibitory CS halves, F-spondin is flattening of seeded NC cells, which would remain round
on control CS substrates, suggesting that in culture, CS-expressed adjacent to the neural tube from early somito-
genesis onward (see Figure 3). derived F-spondin affects parameters related to NC cell
dispersal. Consistent with the in vitro data, F-spondinA similar reciprocity is observed in the subectodermal
pathway. F-spondin is present in the epithelial dermo- neutralization in vivo also had significant effects in the
CS domains both on DRG and nerve segmentation.myotome and in the subectodermal ECM at a time when
no NC cells advance through this path (Figure 2). Fur- However, our results indicate that the release from inhi-
bition to NC migration observed in the CS halves wasthermore, it is no longer expressed there when the der-
momyotome dissociates into dermis and NC cells begin partial, suggesting that under the conditions of our ex-
periment, not all of the F-spondin protein might havetheir lateral migration (our unpublished data). Consistent
with an inhibitory role for this protein along this route, we been inactivated in this region, which contains the high-
est levels of protein. In support of such a possibility,have found that F-spondin neutralization is compatible
with a precocious migration of some NC cells along this we have noticed that high-antibody concentrations had
effects both in the RS and CS (this paper), whereas away (Figure 7). The latter change in F-spondin expres-
sion resembles that of chondroitin-6-sulfate immunore- 10-fold lower concentration mainly affected migration
into the RS domains (our unpublished data). An alterna-activity and peanut agglutinin binding activity (Oakley
et al., 1994; Pettway et al., 1996), which were also impli- tive or complementary possibility is that under the tightly
regulated spatial arrangement of the somite in the em-cated in the inhibition of the lateral migration of NC cells,
suggesting that the opening up of certain pathways to bryo, neutralization of one component is not enough
to fully release the inhibition to migration through thisNC migration is correlated with significant changes in
the ECM, including the downregulation of various, per- domain. Thus, combined in vivo inactivation of F-spon-
din together with other CS-specific molecules could behaps interacting, molecules. Consistent with such a pos-
sibility, it was found that F-spondin is able to interact helpful for elucidating meaningful molecular interac-
tions. In such a case, studying the possible effects ofwith various glycosaminoglycans (Klar et al., 1992).
inactivation of ephrins, chondroitin-6-sulfate chains,
etc. on the expression of F-spondin and vice versa could
assist in establishing a putative molecular cascade lead-Role of F-Spondin in NC Cell Migration
Our finding that, like in the embryo, NC cells exhibit ing to segmental patterning of neural progenitors. Thus,
an interaction between factors of distinct categoriesin vitro a differential behavior on monolayers of RS as
compared with CS cells, suggests that some of the prop- like F-spondin, an ECM molecule, and ephrin(s), cell-
associated factors, could be required to avoid migrationerties that distinguish these two domains are maintained
ex-ovo. Another example of differential behavior of neu- into the CS domains. It remains to be tested whether
these factors act sequentially or use parallel pathways.ral cells on somite halves stems from our observations
that neurite outgrowth from sympathetic ganglia was In any of the above cases, the selective but widespread
localization and activity of F-spondin on crest cells sug-delayed by z10 hr on CS compared with RS monolayers.
Furthermore, the neurite extension pattern on CS was gest that this ECM molecule is a rather general inhibitor
of crest migration when compared with ephrins or withcurved and disoriented compared with straight and
tense fibers on RS (Goldstein and C. K., unpublished yet unknown peanut lectin±binding molecules expres-
sed only in the CS halves.data). This occurs even if somites are detached from
the embryonic context at the epithelial stage and despite Although we have not directly addressed the possible
role of F-spondin in peripheral nerve segmentation, thepossible minor contaminations of RS cells in the CS
preparations and vice versa. This could also reflect in- observations that areas with DRG and Schwann cell
progenitors are enlarged upon F-spondin neutralizationtrinsic heterogeneity among NC cell subsets, heteroge-
neity among cells within each somite domain (see, for further indicate that this molecule might be involved in
regulating the segmental patterning of both NC cellsexample, Kahane et al., 1998), or loss of responsiveness
to differential somite cues by NC cells that have clus- and peripheral nerves, including their sensory and motor
tered in vitro on neural tube explants prior to explanta- components. Also, based on growing evidence from
tion. All of the above factors could influence quantitative other laboratories, and because only partial lack of ros-
aspects of the response of neural progenitors. Consis- trocaudal segmentation was obtained in our in vivo stud-
tently, not all NC cells seeded on half somite cells dis- ies, the possibility that additional signals are required
played a differential behavior on either substrate under in the CS domain is highly likely.
control conditions. Of note, upon modifying levels of
F-spondin protein, the changes measured were also
within the range limited by values of control RS and CS Possible Dual Roles of F-Spondin
in Early Developmentcultures, respectively.
Our findings that on the one hand, overexpression of While somite-derived F-spondin provides inhibitory sig-
naling to migration of NC cells both in vivo and in vitroF-spondin in vivo inhibits NC cell migration into the RS
halves and on the other hand, that specific neutralization (this paper), it appears to promote somite cell adhesion
in culture (our unpublished data). Other studies haveof endogenous F-spondin enables their migration into
otherwise inhibitory regions within the RS, suggest that demonstrated that F-spondin supports in vitro the out-
growth of neurites from mature DRG neurons (Klar etthis protein is sufficient to channel the patterned migra-
tion of NC cells through this domain. Likewise, neutral- al., 1992; Burstyn-Cohen et al., 1998) and from dorsal
spinal cord neurons (T. B.-C. and A. K., unpublishedization of CS-derived F-spondin in vitro enabled the
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circles with a diameter of 6 mm, drawn in the center of fibronectin-data). Thus, the possibility should be considered that
(50 mg/ml) coated dishes, and grown for 24 hr in Dulbecco's modifiedthere is a temporal regulation of the behavior of neural
Eagle's medium (DMEM) containing 10% newborn calf serum. Afterprogenitors vis-aÁ -vis the factor. For example, while early
overnight incubation, cells had dissociated and formed a confluent
NC cells that lack F-spondin protein avoid it, older differ- monolayer.
entiated NC-derived glia (Schwann cells and ganglionic NC clusters and cocultures: NC cell clusters were isolated from
explanted quail neural tubes at 45 hr as previously described (Loringsatellite cells) even transcribe the gene. Axonal behavior
et al., 1981). The clusters were pooled in serum-free SFRI mediummight change accordingly, early outgrowing fibers might
(Berganton, France) and mechanically dissociated, and the equiva-be inhibited by somite-derived F-spondin, whereas older
lent of ten clusters (z2000 cells) was seeded in a final volume ofnerves might extend along Schwann cell±rich areas in
50 ml onto the half somitic cultures in the presence of either
intimate contact with the protein. Therefore, F-spondin F-spondin or F-spondin antibodies for a coculture period of 75 min.
seems to mediate both negative and positive activities, Data quantitation: quantification of the number of HNK-1-immuno-
reactive NC cells (see below) with either round or mesenchymaldepending on timing, cellular context, and the identity
morphology (see Figure 6) was monitored with a Zeiss Axioscopeof the target cell. The possibility that distinct activities
microscope equipped with epifluorescence and phase optics. Aare mediated by different surface receptors and/or intra-
total of 200±300 cells was counted in 10±15 microscopic fields percellular signals awaits further investigation.
dish. Results represent mean 6 SD of triplicate cultures. Each exper-
Growing evidence points to similar dichotomies in the iment was repeated between three and seven times with similar
bioactivities of other molecules implicated in the regula- results. Significance of the results was examined by one-way analy-
sis of variance (ANOVA). When significant differences were indicatedtion of neurite extension. For instance, Reelin, which
in the F ratio test (p , 0.005), the significance of differences betweenshares homology with the amino-terminal portion of
the means of any two of these groups was determined by the modi-F-spondin, is synthesized and secreted into the ECM
fied Tukey method for multiple comparisons, with an a of 0.05.by Cajal-Retzius cells. Reelin was suggested to provide
Trunk Explants
a stop signal for migration of cortical neuroblasts to the The trunk region of 25-somite-old quail embryos with a length equiv-
pial surface and at the same time to induce dendritic alent to that of the six more recently segmented somites was excised
and grown for 24 hr on Millicell polycarbonate membranes (Millipore)branching (see review by Frotscher, 1997 and references
as previously described (Krull et al., 1997) in the presence or absencetherein). The semaphorin/collapsin gene family contains
of added F-spondin. At the end of incubation, explants were pro-proteins that act as repulsive signals for various types
cessed for HNK-1 immunostaining either as whole mounts or follow-of growth cones (reviewed by Mark et al., 1997), but
ing serial sectioning (see below).
Semaphorins F and G were proposed to mediate posi- In Ovo Microinjection
tive interactions based on the finding that they contain Borosilicate tubes (outer diameter 5 1.0 mm, inner diameter 5 0.5
mm) were pulled with a vertical puller (Sutter model P-30). Tip diame-TSR domains with putative neurite outgrowth±promot-
ter of the resulting micropipettes was z5 mm. Micropipettes wereing abilities (Adams et al., 1996). In addition, Semaphorin
backfilled with purified F-spondin antibodies or control immuno-D was found to repel cortical axons, while Semaphorin
globulins at equivalent concentrations (10 mg/ml). MicropipettesE appears to act as a chemoattractive signal (Bagnard
were then fixed to a water pressure system and mounted on a Zeiss
et al., 1998). The best characterized example of dual micromanipulator. Microinjections were performed under a Zeiss
activity is presently provided by netrin-1, which was dissecting microscope with a 320 total magnification. Embryos
were viewed with oblique lighting from a fiber optic light source.shown to act as a chemoattractant for commissural neu-
The vitelline membrane of 20- to 28-somite-old chick embryos wasrons and as a chemorepellent for trochlear motor axons
removed. Microinjections were between the neural tube and somites(Kennedy et al., 1994; Serafini et al., 1994; Colamarino
in two sites along the epithelial level of the axis. Each embryo wasand Tessier-Lavigne, 1995), activities suggested to be
microinjected twice at 10 hr intervals and further incubated for a
mediated by different receptors (see review by Tessier- total of 22±24 hr.
Lavigne and Goodman, 1996 and references therein). F-Spondin and Anti-F-Spondin Antibodies
COS cells were transfected by the Lipofectamine (Gibco-BRL)Elucidation of the molecular basis underlying the antag-
method according to the manufacturer's instructions. One micro-onistic activities mediated by F-spondin awaits further
gram of the pMT21-FP5 plasmid (Klar et al., 1992) encoding full-analysis of the function of specific domains active on
length F-spondin was added together with 7 ml of Lipofectamine to
somite versus NC cells, as well as the discovery and 35 mm tissue culture dishes. After overnight incubation, the medium
characterization of putative receptor protein(s) present was changed to serum-free OptiMEM (Gibco-BRL) and further incu-
on the various target cells. bated for an additional 48 hr. At the end of incubation, the medium
was collected and concentrated 350 on Fugisep concentrators (In-
tersep, Berkshire, UK; molecular mass cutoff, 30,000). Control su-
Experimental Procedures
pernatants were collected from mock-transfected COS cells and
treated as above.
Embryos
Antibodies directed to the TSR (R2) and spondin (R5) domains
Chick (Gallus gallus) and quail (Coturnix coturnix japonica) eggs of the molecule were produced as described elsewhere (Burstyn-
from commercial sources were used for this study. Cohen et al., 1998). Purified IgG fractions were obtained with protein
A-Sepharose columns (Pharmacia) followed by concentration on
Bioassays Centricon-30 (Amicon) to 10 mg/ml. While only the R5 antibody was
Cocultures between Half Somites and NC Cells found suitable for immunocytochemical localization of the protein,
Half-somite cultures: quail embryos (age 25 somite pairs) were re- both R5 and R2 were effective neutralizing antibodies in the bio-
moved from the egg and pinned onto sylgard-coated dishes. A slit assays. Preadsorption of the R5 antibody with the full-length mole-
was performed between neural tube and somites at the level of the cule or with its spondin domain fragment totally abolished immuno-
five caudalmost epithelial somites, which are devoid of NC cells. reactivity on tissue sections (data not shown).
The ectoderm was removed after mild enzymatic treatment (Pinco Fixation and Immunocytochemistry
et al., 1993), and each somite on both sides of the axis was sectioned Cultures, explants, and embryos were fixed with Bouin's fluid except
into two halves. Like halves were separately collected and mechani- for trunk explants to be stained as whole mounts, which were fixed
cally dissociated with the aid of glass micropipettes with a tip open- in 4% formaldehyde. Whole-mount immunostaining with HNK-1 was
performed according to Loring and Erickson (1987). Explants anding of 30±50 mm. The equivalent of ten half somites was plated onto
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embryos were embedded in paraffin wax, serially sectioned at 8 (1998). Accumulation of F-spondin in injured peripheral nerve pro-
mm, and immunostained with the monoclonal HNK-1 antibody as motes the outgrowth of sensory axons. J. Neurosci. 18, 8875±8885.
previously described (Goldstein and Kalcheim, 1991) with secondary Colamarino, S.A., and Tessier-Lavigne, M. (1995). The axonal
antibodies conjugated either to horseradish peroxidase or tet- chemoattractant netrin-1 is also a chemorepellent for trochlear mo-
ramethyl-rhodamine. Localization of F-spondin was performed on tor axons. Cell 81, 621±629.
tissue sections of chick embryos. The antiserum was not suitable
D'Arcangelo, G., Miao, G.G., Chen, S.C., Soares, H.D., Morgan, J.I.,
for use on quail tissue (data not shown). The R5 polyclonal antibody
and Curran, T.A. (1995). Protein related to extracellular matrix pro-
was diluted 1:1000 in phosphate-buffered saline (pH 7.3) containing
teins deleted in the mouse mutant reeler. Nature 374, 719±723.
5% normal goat serum. Sections were incubated with the antibody
Davies, J.A., Cook, G.M., Stern, C.D., and Keynes, R.J. (1990). Isola-overnight at 48C followed by a 1 hr incubation in a Cy2-conjugated
tion from chick somites of a glycoprotein fraction that causes col-anti-rabbit antibody (Jackson Laboratories, diluted 1:100 as de-
lapse of dorsal root ganglion growth cones. Neuron 4, 11±20.scribed above). When combined with HNK-1 immunostaining, the
F-spondin reaction was performed first. Duband, J.L., Monier, F., Delannet, M., and Newgreen, D. (1995).
Laser Scanning Confocal Microscopy Epithelium-mesenchyme transition during neural crest develop-
Whole-mount immunostained trunk explants were analyzed with an ment. Acta Anat. (Basel) 154, 63±78.
LSM410 scanning confocal microscope (Zeiss, Jena, Germany) with Erickson, C.A., Duong, T.D., and Tosney, K.W. (1992). Descriptive
an Argon laser for an excitation wavelength of 488, attached to an and experimental analysis of the dispersion of neural crest cells
Axiovert 135M microscope. Labeled cells were visualized with a 320 along the dorsolateral path and their entry into ectoderm in the chick
oil immersion Plan-Neofluar objective. The samples were optically embryo. Dev. Biol. 151, 251±272.
screened at 4 mm increments through the z axis, and sequential
Frotscher, M. (1997). Dual role of Cajal-Retzius cells and reelin in
images were collected with a Pentium 150 personal computer. Con-
cortical development. Cell Tissue Res. 290, 315±322.focal images represent cumulative serial sections over a distance
Gale, N.W., Holland, S.J., Valenzuela, D.M., Flenniken, A., Pan, L.,of 30 mm, constituting the dorsal portion of the neural tube. Adobe
Ryan, T.E., Henkemeyer, M., Strebhardt, K., Hirai, H., Wilkinson,Photoshop (version 5) was used for image processing.
D.G., et al. (1996). Eph receptors and ligands comprise two majorIn Situ Hybridization
specificity subclasses and are reciprocally compartmentalized dur-To generate the plasmid p310, the EcoR1±Xho1 fragment of the
ing embryogenesis. Neuron 17, 9±19.chicken F-spondin cDNA (T. B.-C. and A. K., unpublished data)
corresponding to the 59 UTR and the region encoding amino acids Goldstein, R.S., and Kalcheim, C. (1991). Normal segmentation and
1±690 was subcloned into pBluescript SK plasmid (Stratagene). For size of the primary sympathetic ganglia depend upon the alternation
preparing the antisense probe, the p310 plasmid was linearized by of rostrocaudal properties of the somites. Development 112,
XbaI digestion, and a digoxigenin-labeled antisense probe (2.3 kb) 327±334.
was obtained following RNA synthesis with T7 RNA polymerase. Goldstein, R.S., and Kalcheim, C. (1992). Determination of epithelial
The control sense probe was obtained by digesting the plasmid half-somites in skeletal morphogenesis. Development 116, 441±445.
with XhoI, and a digoxigenin-labeled probe (2.3 kb) was transcribed
Guillemot, F., Lo, L.-C., Johnson, J.E., Auerbach, A., Anderson, D.J.,in vitro with T3 RNA polymerase. Whole-mount in situ hybridization
and Joyner, A.L. (1993). Mammalian achaete-scute homolog 1 iswas performed essentially as described in Borycki et al. (1997).
required for the early development of olfactory and autonomic neu-
rons. Cell 75, 463±476.
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